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On the origin of mitochondria: a genomics
perspective
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The availability of complete genome sequence data from both bacteria and eukaryotes provides infor-
mation about the contribution of bacterial genes to the origin and evolution of mitochondria. Phylogenetic
analyses based on genes located in the mitochondrial genome indicate that these genes originated from
within the a-proteobacteria. A number of ancestral bacterial genes have also been transferred from the
mitochondrial to the nuclear genome, as evidenced by the presence of orthologous genes in the mitochon-
drial genome in some species and in the nuclear genome of other species. However, a multitude of mito-
chondrial proteins encoded in the nucleus display no homology to bacterial proteins, indicating that these
originated within the eukaryotic cell subsequent to the acquisition of the endosymbiont. An analysis of
the expression patterns of yeast nuclear genes coding for mitochondrial proteins has shown that genes
predicted to be of eukaryotic origin are mainly translated on polysomes that are free in the cytosol whereas
those of putative bacterial origin are translated on polysomes attached to the mitochondrion. The strong
relationship with a-proteobacterial genes observed for some mitochondrial genes, combined with the lack
of such a relationship for others, indicates that the modern mitochondrial proteome is the product of both
reductive and expansive processes.
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1. INTRODUCTION

The mitochondrion is a cellular organelle that serves as
the ‘power-house’ of the eukaryotic cell. ATP production
from glucose and oxygen is in most mitocondriate eukary-
otes the result of two catabolic processes. Glucose is first
converted to pyruvate via the glycolytic pathway in the
cytoplasm; pyruvate is then imported into the mitochond-
rion and oxidized to CO2 and H2O via two interconnected
and highly specialized functions: the tricarboxylic-acid
cycle and the respiratory chain complex. Aerobic respir-
ation is strictly dependent on oxygen, and during con-
ditions of oxygen deprivation ATP synthesis is halted,
eventually resulting in cell death. However, yeast and
some other eukaryotes can survive by fermentation in the
absence of oxygen, during which glucose is converted to
lactate or ethanol via the glycolytic pathway.

It is known that there is a trade-off between the yield
(moles of ATP per mol of substrate) and the rate (moles
of ATP per unit time) of ATP production (Stucki 1980).
The balance between these two parameters is different for
fermentation and respiration. Fermentation supports a
high rate of ATP production, but at the cost of a lower
total yield (only 2 mol of ATP per mol of glucose). By
contrast, respiration supports a low rate of ATP pro-
duction but results in a high yield of ATP (more than
30 mol of ATP per mole of glucose; Stryer 1995). Thus,
from a thermodynamic perspective, aerobic respiration is
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the preferred pathway for ATP production in oxygenic
environments, especially if the substrate is a limiting
resource.

Not surprisingly, aerobically respiring mitochondria are
present in all multicellular organisms that live in oxygen-
rich environments, including humans, arthropods, ver-
tebrates and plants (Gray 1992). However, some organ-
isms, mainly unicellular protists and parasitic nematodes,
have adapted to environments that are poor in or devoid
of oxygen. These organisms rely on terminal acceptors
other than O2, such as NO2

3 and NO2
2 (Finlay et al. 1983;

Kobayashi et al. 1996; Zumft 1997; Takaya et al. 1999).
Nitrate respiration by NiR results in the production of
NO2

2 and NO rather than water as in aerobic respiration.
A different type of anaerobic mitochondria is found in
parasitic helmiths where malate is imported from the cyto-
plasm and the electron transport chain is linked to the
reduction of fumarate to succinate by fumarate reductase
(Tielens 1994; Tielens & Van Hellemond 1998; Kita et
al. 2002).

Another type of anaerobic ATP-producing organelle,
the hydrogenosome, has been described in a wide spec-
trum of anaerobic protists (Mueller 1993; Embley et al.
1995; Akhmanova et al. 1998; Hackstein et al. 1999;
Voncken et al. 2002; Van der Giezen et al. 2002). In these
organelles, which lack membrane-associated electron-
transport chain complexes, ATP production is linked to
H2 production with the aid of enzymes such as PFO and
hydrogenase. ATP production by anaerobic mitochondria
and hydrogenosomes results in a lower total yield than
aerobic respiration. For example, the reduction of fumar-
ate to succinate yields only 5 mol of ATP per mol of
degraded glucose.
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The origin of the eukaryotic cell as well as its different
organelles has been a topic of discussion ever since the
differences between these and the prokaryotes were
revealed. The discovery of mitochondrial and plastid gen-
omes revived the 19th-century view of plastids as domesti-
cated bacterial endosymbionts (Mereschowsky 1910).
However, it was not until the more recent developments
in molecular biology that the theory really gained ground
(Margulis 1970, 1981). The similarities between bacterial
respiration and mitochondrial functions as well as the
similarities between cyanobacterial photosynthesis and
chloroplast functions in plants taken together with mol-
ecular phylogenies have provided convincing evidence of
the bacterial origins of these modern cellular organelles
(Gray 1992). Nevertheless, the big questions remain: from
where, why and how?

2. MITOCHONDRIAL GENOME DIVERSITY

First, we need to summarize briefly the content and
sizes of the genetic material present in mitochondria.
Despite the extreme difference in overall genome sizes,
ranging from only 16 kb in humans to more than 500 kb
in some plant species (Hanson & Folkerts 1992; Unseld et
al. 1997; Gray et al. 1998), most mitochondrial genomes
contain between 12 and 20 protein-coding genes. The
mitochondrial genome of Plasmodium falciparum, which
contains only two protein-coding genes, represents one
extreme, and the other is Reclinomonas americana with as
many as 67 genes (Lang et al. 1997). Most of these code
for key components of aerobic respiration and translation,
such as cytochrome oxidases and ribosomal protein genes.

The mitochondrial genome of Saccharomyces cerevisiae
is 85 779 bp and encodes two rRNAs, 24 tRNAs and 30
proteins. One-third of the latter genes encode vital mito-
chondrial functions such as subunits of the ATP synthase
complex, cytochrome b and the cytochrome c oxidase
complex (Foury et al. 1998). The yeast mitochondrial gen-
ome is somewhat atypical in that as many as 10 genes
code for endonucleases, reverse transcriptases and mRNA
maturases. Another 10 genes are of unknown function. In
striking contrast to the small number of proteins encoded
in the yeast mitochondrial genome, as many as 400 or
more proteins with assigned functions in the yeast mito-
chondrion (Hodges et al. 1999) are encoded in the nuclear
genome and subsequently imported into the mitochond-
rion (www.proteome.com).

Due to the rapid rate of sequence evolution for the small
and large rRNA gene sequences in animal and human
mitochondria, these have evolved in diverse ways that
complicated the interpretations of the first phylogenetic
analyses (Gray et al. 1989; Gray 1992). However,
improvements in phylogenetic methods as well as a larger
sampling of mitochondrial genes for phylogenetic recon-
structions have by now provided convincing evidence that
the various mitochondrial genomes have a single, mono-
phyletic origin (Gray et al. 1999).

3. FROM WHERE?

Phylogenetic reconstructions based on mitochondrially
encoded proteins have placed the mitochondrial ancestor
in the a-proteobacterial subdivision, and several recon-
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structions point specifically towards the Rickettsiaceaea
family (Yang et al. 1985; Olsen et al. 1994; Viale &
Arakaki 1994; Gray & Spencer 1996; Sicheritz-Ponten et
al. 1998; Karlberg et al. 2000; Kurland & Andersson
2000). For example, phylogenetic studies based on mito-
chondrial proteins such as cytochrome oxidase subunits
and cytochrome b indicate that the respiratory chain com-
plex were derived from an ancestral endosymbiont belong-
ing to the a-proteobacteria (figure 1; Sicheritz-Ponten et
al. 1998; Gray et al. 1999). Likewise, an interpretation of
phylogenetic reconstructions based on ribosomal proteins
is that a significant part of the translation system is also
derived from the a-proteobacteria (Karlberg et al. 2000).
A series of a-proteobacterial genomes, with sizes ranging
from 1 Mbp in Rickettsia to ca. 8 Mbp in Mesorhizobium
loti, are now completely sequenced, providing a rich
source of material for addressing questions concerning the
specifics of mitochondrial origins.

The smallest genomes of the a-proteobacteria are found
within Rickettsiaceaea, which belongs to the order Rick-
ettsiales and contains three tribes Ehrlichieae, Rickettsieae
and Wolbachieae (National Center for Biotechnology
Information taxonomy database, htttp://www.ncbi.nlm.
nih.gov/ (Wheeler et al. 2000)), all with obligate intracellu-
lar lifestyles. Two genomes have been sequenced in this
group: that of Rickettsia prowazekii, the causative agent of
epidemic typhus (Andersson et al. 1998) and that of Rick-
ettsia conorii, the causative agent of Mediterranean Spotted
Fever (Ogata et al. 2001). In addition to different disease
symptoms, the two Rickettsia species use different arthro-
pod vectors for transmission. R. prowazekii is transmitted
by the human body louse Pediculus humanus, whereas R.
conorii is transmitted by the dog brown tick Ixodes.

The genome of R. prowazekii comprises 1.1 Mbp enco-
ding 834 proteins (Andersson et al. 1998), whereas the R.
conorii genome is 1.3 Mbp with ca. 1300 annotated genes
(Ogata et al. 2001). Both genomes are in a process of evol-
utionary degradation as reflected in a high content of non-
coding DNA (19–24% relative to a typical non-coding
content of 10% in bacteria) (Andersson et al. 1998; And-
ersson & Andersson 1999a,b, 2001; Ogata et al. 2001).
Despite their compactness, both genomes contain a com-
plete set of genes for aerobic respiration as well as for
ATP-transport functions. Thus, both are excellent pro-
ducers of ATP as well as extractors of ATP from their host
cells. Due to their obligate intracellular lifestyles, compact
genomes, respiration capabilities and specific relationship
with mitochondria as inferred from genes such as cyto-
chrome oxidase (figure 1), they represent a particularly
good model system for studies of the evolutionary
relationship between bacteria and mitochondria.

The genomes of two other intracellular parasites within
the a-proteobacteria, Bartonella quintana and Bartonella
henselae, have recently been sequenced (C. M. Alsmark
and 11 others, unpublished data). These bacteria, which
cause trench fever and cat-scratch disease, respectively,
can be cultivated on artificial media although growth rates
are higher in the intracellular environment. The genomes
have sizes of 1.6 and 1.9 Mbp, which is reflected in a
larger metabolic capacity than for their obligate intracellu-
lar relatives of the genus Rickettsia (C. M. Alsmark and
11 others, unpublished data). For example, they contain
a set of glycolytic genes that are not present in Rickettsia,

http://www.proteome.com
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
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Figure 1. The ME tree for cytochrome c oxidase subunit I based on amino-acid sequences where ambiguous regions were
removed from the alignment. The topology and branch lengths correspond to a ME tree calculated with random addition
order and 500 repetitions, using distances based on the raw fraction of amino acids, equal rates and no invariable sites. The
first bootstrap value corresponds to a ME value, the second to a maximum-parsimony value. In both cases 500 bootstrap
replicates were produced with a number of 10 repetitions per replicate. The symbol ‘a’ denotes a-proteobacteria; a ‘d’ in the
bootstrap values denotes that a different topology was produced. Accession numbers clockwise starting with P. falciparum:
Q02766, P05489, P14544, NPF518484, AAG03496, Q06473, P33518, AAK14377, 24010, NPF147500, NPF631290,
O53290, Q35101, P24893, P12700, P00399, P00397, P00398, P48887, Q34941, P00401, Q07434, NPF042527, P48866,
NPF054454, P14578, Q02211, NPF066450, NPF422200, Q08855, P31833, CAA61744, BAB53582, NPF540382,
NPF385011, NPF531468, O54069, NPF360190. Scale bar shows substitutions per site.

which have been useful for studies on the origin and evol-
ution of glycolysis (Canbäck et al. 2002). In contrast to
the aerobic respiration system (figure 1), the glycolytic sys-
tem of the eukaryotes seems not to trace its origin back
to the a-proteobacteria (figure 2), indicating that it was
not acquired from the mitochondrial endosymbiont.

Another completely sequenced genome within this
group is that of Brucella melitensis, a facultative intracellu-
lar parasite like B. henselae and B. quintana but with an
even larger genome. This genome of 3.2 Mbp is divided
into two megareplicons (DelVecchio et al. 2001). Several
genomes of free-living bacterial species have also been
sequenced within the a-proteobacteria. These include
Caulobacter crescentus, an aquatic organism with a complex
life cycle that thrives in a nutrient poor environment. It
has one chromosome of 4 Mbp, containing more than
3700 genes (Nierman et al. 2001). Agrobacterium tumefaci-
ens is a plant pathogen that causes crown gall disease in
the rose family. This genome has a size of 5.7 Mbp along
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with one of the most remarkable structures known to date:
this consists of two main chromosomes, one of which is
linear, and two plasmids (Goodner et al. 2001; Wood et
al. 2001). Sinorhizobium meliloti lives in a symbiotic
relationship with plants forming nitrogen-fixing nodules
and has a genome of 6.7 Mbp, divided into one chromo-
some and two mega-replicons (Galibert et al. 2001).
Finally, the largest genome sequenced so far within this
group is that of Mesorhizobium loti, which consists of one
main chromosome of 7 Mbp and two smaller plasmids
(Kaneko et al. 2000).

The broad distribution of genome sizes in the a-proteo-
bacteria is most probably an expression of both reductive
and expansive processes. For example, the small genome
sizes of obligate intracellular parasites are mainly
explained by reductive evolution (Andersson & Kurland
1998; Andersson & Andersson 1999a,b), with a biased
loss of genes involved in biosynthetic and regulatory func-
tions. For example, most or all of the amino-acid biosyn-
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Figure 2. The ME tree for triose-phosphate isomerase based on amino-acid sequences. Abbreviations, methods, bootstrap
values and other details are as described in the legend to figure 1. Accession numbers clockwise starting with Mycoplasma
genitalium: U39725, L01654, L02120, X03921, P48499, J01366, AF063107, Q9M7R5, M87064, Y13387, U23081, P29613,
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thetic genes have been discarded and replaced by the
uptake of amino acids from the host cytoplasm. Likewise,
nucleoside monophosphates are imported directly from
the cytosol. Thus, we can assume that the a-proteobacter-
ial endosymbiont that contributed genes to the eukaryotic
cell had a gene repertoire that was considerably larger than
that seen in the modern, small rickettsias. Such coding
sequence purges may have been tolerated because they are
compensated by the uptake of compounds such as amino
acids and nucleoside monophosphates directly from the
cytosol. In more general terms, coding sequences are
lost when neutralized by the organism’s environment
(Andersson & Kurland 1998; Berg & Kurland 2000). As
the mitochondria resemble Rickettsia in that they inhabit
the same intracellular environment, it seems probable that
many of the same functions were lost in both genomic
lineages. Examples of convergent losses are the glycolytic
genes. Of course, it is also possible that the purging of
some neutralized sequences had begun in the a-proteo-
bacterial ancestor of both mitochondrial and Rickettsia
lineages.

Likewise, the large genome sizes of free-living a-proteo-
bacteria are also the result of evolutionary processes that
have occurred subsequent to the divergence of the mito-
chondrial clade. In this case, the principal evolutionary
thrust was novel sequence acquisition via duplications or
transfers of genes required for their environmental adap-
tations (Kaneko et al. 2000; Goodner et al. 2001; Wood
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et al. 2001; Galibert et al. 2001). Thus, the gene comp-
lement of the ancestral endosymbiont was most probably
smaller than what we see in the large genomes of modern,
free-living a-proteobacteria.

Even the modern mitochondrial proteome is the result
of both reductive and expansive processes. There are at
least three identifiable tendencies in the evolution of the
mitochondrial proteome (Karlberg et al. 2000). First,
many ancestral mitochondrial genes have been simply
purged from the mitochondrial genome and lost. Second,
the coding sequences of a smaller number of mitochon-
drial proteins have been expelled from the mitochondrial
genome and transferred to the nuclear genome. These
nuclear genes are a-proteobacterial descendents. Third,
the largest number of mitochondrial proteins are also
imports that are coded by nuclear sequences. However,
these have no bacterial or archaeal orthologues. Such
novel ‘eukaryotic’ mitochondrial proteins have evidently
evolved from the nuclear genome by duplication and func-
tional divergence of sequences that predate the arrival of
the endosymbiont ancestor of mitochondria (Karlberg et
al. 2000).

The transformation of the ancestral a-proteobacterium
into the modern mitochondrion was obviously not instan-
taneous. The loss of sequences from the ancestral gen-
omes and the expansion of its proteome with novel
contributions from the eukaryotic nuclear genome are
incremental processes that are presumably spread over
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millions of years. This has the consequence that any
attempts to trace the phylogenetic backgrounds of the
mitochondrial proteins with different organisms are not
simple. In particular, the loss of proteins from the a-pro-
teobacterial lineages and the introduction of novel eukary-
otic proteins should not be synchronous in the ancestors
to all modern lineages (Karlberg et al. 2000). Alterna-
tively, we expect this lack of synchrony to be useful in
tracing the detailed history of the organelle. Nevertheless,
some mitochondrial genes involved in bioenergetic and
basic information processes represent a relatively stable set
of organellar genes that are nearly universally present in
most a-proteobacterial genomes. These are very probably
part of the ancestral coding complement. Such sequences
are unambiguously descendants of the a-proteobacteria
(Karlberg et al. 2000).

The origin of ATP-generating organelles without gen-
omes, such as anaerobic mitochondria and hydro-
genosomes, has been more elusive. These not only lack
their own genetic sequences but their proteomes are on
the whole very different from those of aerobic mitochon-
dria. There are two possible scenarios for the evolution of
these organelles. First, they may derive from a facultative
anaerobic symbiont that initially functioned like the mod-
ern hydrogenosomes and were later transformed into
mitochondria with the help of genes for aerobic respiration
also present in the symbiont (Martin & Mueller 1998;
Rotte et al. 2000). Alternatively, they may derive from
aerobic organelles as an adaptation to anaerobic environ-
ments by modification of the primary aerobic organelle
(Embley et al. 1997; Van der Giezen et al. 1997a,b;
Andersson & Kurland 1999). Here, the anaerobic gene
functions may have been acquired by the transfer of genes
from bacteria other than the ancestral a-proteobacterial
endosymbiont.

The data currently available support versions of the
second scenario. Most importantly, a number of key
enzymes, such as the fumarate reductase in anaerobic
mitochondria, have been shown to be more closely related
to the mitochondrial SDH than to bacterial forms of FRD
(figure 3; Van Hellemond & Tielens 1994; Van
Hellemond et al. 1995; Kita et al. 2002). Likewise, chap-
eronin 60 and ADP/ATP transporters of the anaerobic,
hydrogenosome-bearing fungus Neocallimastix sp., cluster
with high bootstrap support with their homologous mito-
chondrial proteins from aerobic yeasts and fungi (Voncken
et al. 2002; Van der Giezen et al. 2002). Finally, the first
description of a hydrogenosome with a genome revealed
similarities between hydrogenosomal and mitochondrial
rRNA sequences (Akhmanova et al. 1998; Van Hoek et
al. 2000).

A particularly interesting case is the hydrogenase that
seems to contain segments derived from bacterial genes
combined with segments derived from mitochondrial
genes (Akhmanova et al. 1998). Likewise, the PFO
characteristic of hydrogenosomes seems to be derived by
horizontal gene transfer from bacteria other than the a-
proteobacteria (Horner et al. 1999). Taken together, all
available data indicate that anaerobic organelles represent
secondary adaptations of aerobic mitochondria to anaer-
obic environments (Bui et al. 1996; Biagini et al. 1997;
Finlay & Fenchel 1989; Horner et al. 1999; Hackstein et
al. 1999; Voncken et al. 2002; Van der Giezen et al. 2002).
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To our knowledge, there are no data suggesting that the
origin of mitochondria was the result of selection for meta-
bolic pathways other than aerobic respiration.

4. ORIGINS OF MITOCHONDRIA: WHY?

Judged by ubiquity of the organelle and the ability of
eukaryotes to form large, complex multicellular organ-
isms, the acquisition of mitochondria must in retrospect
be viewed as a wonderful success. However, an examin-
ation of modern mitochondrial functions may not neces-
sarily tell us what kind of relationship initiated the
symbiotic event. Certainly, it was not based on the pros-
pect of creating large multicellular organisms in a dis-
tant future.

The origins of the mitochondrial lineages are conven-
tionally associated with a global disaster about two billion
years ago. At that time atmospheric oxygen levels started
to rise in the atmosphere, presumably from the accumu-
lated activity of oceanic photosynthetic cyanobacteria
(Holland 1994). Before this, the atmosphere of the Earth
was not aggressively oxidative and consisted mainly of car-
bon dioxide along with reduced forms of sulphur, nitrogen
as well as carbon with very low concentrations of oxygen
(Rubey 1951; Holland 1994). The accumulation of sub-
stantial levels of oxygen in the atmosphere is likely to have
provoked a major crisis for early life on Earth. Anaerobic
life forms unable to protect themselves from the toxicity
of oxygen or unable to find a suitable anaerobic microen-
vironment probably became extinct. Of course, one form
of protection involves the reduction of local oxygen con-
centrations by metabolism. For example, the consumption
of oxygen as an electron acceptor in the electron transport
chain of a bacterium reduces the ambient oxygen tension
in the immediate vicinity of that bacterium as well as pro-
ducing ‘energy’ in the form of ATP.

A conventional view of the symbiotic relationship
between the host and the endosymbiont that seeded the
mitochondrial lineage is that ATP produced by the endo-
symbiont was exchanged for carbohydrates made available
by the host cell. However, ATP import or export by free-
living bacteria is unknown. Furthermore, as described in
the following paragraphs, the mitochondrial ATP/ADP
transport system is not bacterially derived but is instead a
member of a large family of transport systems that are
found in eukaryotes. Thus, the bacterial ancestor of the
mitochondria could not easily enter into a symbiosis based
on ATP exchange (Andersson et al. 1998; Karlberg et al.
2000). However, local depletion of the oxygen tension by
the respiration of an aerobic bacterium could provide a
basis for a symbiotic relationship with an anaerobic part-
ner (Andersson & Kurland 1999; Kurland & Andersson
2000). If this scenario were relevant, anaerobic organelles
with affinities to the mitochondria would be viewed as sec-
ondarily derived from the aerobic organelles.

Alternative evolutionary scenarios have also been
described. The syntrophic theory indicates that the
nucleated eukaryote was formed through symbiosis
between methanogenic archaea and d-proteobacteria
(Moreria & Lopez-Garcia 1998). This suggestion rests on
two observations. One is that the syntrophic symbioses
between archaeal methanogens and bacteria have been
observed in nature (Hanson & Hanson 1996). The other
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is that there are a-proteobacteria with the capability to
oxidize methane under both aerobic and anaerobic con-
ditions. In that case, mitochondria should have been
acquired for their methanotrophic metabolism. Here, the
capacity to utilize oxygen is secondary, or may even have
evolved after the mitochondrial organelle had been estab-
lished.

A similar hypothesis based on similar assumptions is the
hydrogen hypothesis (Martin & Mueller 1998). The major
difference between the two theories is that the hydrogen
hypothesis uses a-proteobacteria as the bacterial partner,
which circumvents the need for two endosymbiotic events
to explain the origin of eukaryotes with mitochondria. In
this case, it was the a-proteobacterium that contributed
the molecular hydrogen needed by the archaeal methan-
ogen. Martin & Mueller (1998) reject the possibility that
the methane produced by the methanogen could be used
by the a-proteobacteria because all contemporary methan-
otrophs are strictly aerobic, while contemporary methano-
gens are strict anaerobes.

In both hypotheses, it is suggested that the mitochon-
drial ancestor was selected because of anaerobic functions
that are not found in contemporary mitochondria
(Moreria & Lopez-Garcia 1998; Martin & Mueller 1998).
Instead, it is assumed that the potential for aerobic metab-
olism was ancillary to the association and integration pro-
cess of the endosymbiont. In addition, strong selection for
gene transfers of other metabolic processes is required. In
light of what is left of the original endosymbiont genome
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today such a process seems improbable. Without strong
selective pressure, the respiratory functions of protomito-
chondria would most probably have been lost.

The hydrogen hypothesis explicitly predicts that mod-
ern eukaryotic genes encoding glycolysis are the descend-
ants of the a-proteobacterial endosymbiont that had been
transferred to the nuclear genome (Martin & Mueller
1998). Contradicting this clear prediction is the obser-
vation that the nuclear genes encoding glycolytic enzymes
in eukaryotes do not branch specifically with the a-proteo-
bacteria, indicating that they were not derived from the
ancestral endosymbiont (figure 2) or with any other bac-
terial phylum (Canbäck et al. 2002). Alternatively, phylo-
genetic reconstructions for single gene sequences
encoding a-proteobacterial glycolytic functions do cluster
with strong bootstrap support (Canbäck et al. 2002) as
expected from phylogenetic reconstructions based on
rRNA gene sequences (Olsen et al. 1994). Such clustering
shows that the phylogenetic signal for the glycolytic genes
has, in most cases, not been distorted by an excessive fre-
quency of gene transfers, nor by atypical rates or modes
of sequence evolution. In other words, the data clearly
contradict the expectations of the hydrogen hypothesis.

There is no evidence that any of the non-standard mito-
chondrial gene functions present in anaerobic mitochon-
dria and hydrogenosomes are the primary descendants of
the corresponding gene functions in the a-proteobacteria.
By contrast, the available data indicate that these are sec-
ondary adaptations and have evolved from pre-existing
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mitochondrial and nuclear gene functions present in the
mitochondriate host cell (Van Hellemond & Tielens 1994;
Van Hellemond et al. 1995; Akhmanova et al. 1998; Van
Hoek et al. 2000; Voncken et al. 2002; Van der Giezen et
al. 2002). Indeed, even eukaryotic cells without organelles
often contain one or a few nuclear genes encoding func-
tions that are of mitochondrial origin. Common examples
are the hsp60 and hsp70 genes encoding 60 and 70 kDa
heat-shock proteins (Clark & Roger 1995; Germot et al.
1996, 1997; Roger et al. 1996, 1998; Hirt et al. 1997;
Peyretaillade et al. 1998a,b). Finally, recent phylogenetic
reconstructions indicate that most eukaryotes without
mitochondria, such as Microsporidia, are highly derived
forms of other eukaryotes (Embley & Hirt 1998; Hirt et
al. 1999). While these observations do not preclude the
existence of eukaryotes that diverged prior to the acqui-
sition of mitochondria, all the available data indicate that
the anaerobic eukaryotes described so far are descendants
of mitochondriate ancestors.

One possible, albeit speculative scenario for the acqui-
sition of mitochondria arises from the capacity of an
oxygen-respiring organism to reduce local oxygen concen-
trations (Andersson & Kurland 1999; Kurland & Anders-
son 2000). In this way, an aerobic a-proteobacteria might
help an anaerobic, or less effective aerobic, eukaryote to
survive in oxygen-rich environments. By accommodating
such an aerobe in the endocellular compartment, the host
would obtain continuous, efficient protection against toxic
oxygen. Subsequent evolution of a large set of novel
nuclear genes could then transform the endosymbiont into
a more efficient organelle (Andersson & Kurland 1999;
Karlberg et al. 2000; Kurland & Andersson 2000). These
novelties include, for example, the ATP/ADP translocases
that enabled the host cell to exploit the large amounts of
ATP produced by the endosymbiont. We discuss this
second stage of evolution in more detail in § 5.

5. TRANSFER AND RECRUITMENT OF NUCLEAR
GENES

To account for the fact that only a small fraction of the
proteins required for mitochondrial functions are encoded
by the mitochodrial genome, it has been indicated that
there was a massive transfer of genes from the original
endosymbiont to the nuclear genome of the host (Gray et
al. 1999). For example, the mitochondrial genome of the
freshwater protozoan Reclinomonas americana, which is the
mitochondrial genome with the largest gene content yet
found, encodes only 67 proteins (Lang et al. 1997). This
is not much even when compared with the smallest known
genome of a free-living organism, that of Mycoplasma geni-
talium, which encodes approximately 470 proteins (Fraser
et al. 1995). The low coding potential of the mitochondrial
genomes can be explained by two mechanisms working
together, gene loss and gene transfer to the nuclear gen-
ome. Thus, to understand the origin and evolution of the
mitochondrial proteome, it is necessary to examine the
complete set of mitochondrial proteins encoded by the
eukaryotic cell. Here, we take into account those encoded
by the mitochondrial genome as well as those encoded by
the nuclear genome. The questions are as follows. How
many genes have been lost from the ancestral endosym-
biont’s genome? How many have been transferred to the
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nuclear genome? How many have been recruited from the
nuclear genome?

To answer these questions, we needed a eukaryote for
which the mitochondrial proteome and the complete gen-
ome sequence were completely defined. The first such
organism was the budding yeast Saccharomyces cerevisiae,
with a 12 Mbp genome. Owing to its importance to the
food industry and its small genome size, it is by far the
most well characterized eukaryote to date. The Yeast Pro-
teome Database (www.proteome.com) contains 6281
proteins, of which 4127 are characterized genetically or
biochemically. Of these proteins, 2225 are known by hom-
ology to other proteins and 1902 are of unknown function
(Hodges et al. 1999). More to the point, approximately
400 have been associated experimentally with mitochon-
drial functions. At present, this is the only well charac-
terized mitochondrial proteome available, which makes
the yeast mitochondrion a unique model system for stud-
ies of the origin of mitochondrial proteins.

Briefly, ca. 50% of the nucleus-encoded mitochondrial
proteins have bacterial homologues, whereas the other
50% appear to be uniquely present in eukaryotes
(Karlberg et al. 2000). Thus, the mitochondrial proteome
has to a first approximation a dual origin, with some pro-
teins of putative bacterial origin and others of putative
eukaryotic origin. The two protein sets are not random
subsets, but rather highly biased fractions of the different
functional categories. Thus, genes with bacterial homo-
logues are predominantly associated with categories such
as translation, energy and small-molecule biosynthesis,
whereas most of the membrane, transport and regulatory
proteins appear to have no bacterial homologues. How-
ever, even within the functional groups for translation and
bioenergetic processes, a fraction of the genes appear to
be of eukaryotic origin.

Out of the ca. 200 nuclear yeast genes with bacterial
homologues, only ca. 20% can with certainty be traced
back to the a-proteobacteria, of which as many as 24 are
present in the mitochondrial genome of R. americana
(Karlberg et al. 2000). Half of the proteins traced with
high support to the a-proteobacteria are involved in
energy metabolism and the remaining half are ribosomal
proteins. The transfer of genes to the nuclear genome is
particularly well illustrated with a set of ten ribosomal pro-
tein genes that are nuclearly located in yeast but mito-
chondrially located in R. americana. Here, phylogenetic
analyses reveal a very close relationship between the mito-
chondrial ribosomal proteins from the various eukaryotes
and their a-proteobacerial homologues, whether the genes
are located in the mitochondrial genome or in the nuclear
genome (Karlberg et al. 2000). Similar results have been
inferred from phylogenetic reconstructions based on
components of the SDH complex (figure 3) and subunits
of the ATP synthase complex.

The data motivate three conclusions. First, many mito-
chondrial activities, such as those of the translation and
respiratory systems, are derived from the ancestral a-pro-
teobacteria. Second, genes from the a-proteobacterial
ancestor have been transferred from the mitochondrial to
the nuclear genome. Third, the presence of these a-pro-
teobacterial genes in the R. americana mitochondrial gen-
ome indicates that transfer to the nucleus took place in
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the other lineages subsequent to their divergence from
R. americana.

Other genes coding for mitochondrial functions also
have a strong phylogenetic resemblance with their a-pro-
teobacterial homologues, even though they are nuclearly
encoded in all currently examined species. Most of these
encode proteins of the bioenergetic and translation com-
plexes, including, for example, the PDH complex. As
many of these crucial gene functions evolve under strong
functional constraints, they tend to be more slowly evolv-
ing than genes of less functional importance. Thus, it is
possible that the phylogenetic signal for these proteins has
been less distorted by time than the signal for other genes.
In total, there are roughly 150 yeast nuclear genes that
may be a-proteobacterial descendants, but the phylogen-
etic signal for these is too weak to make a definitive state-
ment about their origin. Another 40 are unambiguously
a-proteobacterial descendants. In no single case have we
observed a strong phylogenetic signal between nucleus-
encoded mitochondrial proteins and proteins from a
phylum other than the a-proteobacteria. However, a
mitochondrial-like aconitase has recently been identified
in Bacteriodes fragilis, indicative of a paralogous gene family
for this enzyme or gene transfer between mitochondria
and the Cytophaga–Flavobacterium–Bacteriodes group
(Baughn & Malamy 2002).

Another set of about 200 genes tends to be exclusively
of eukaryotic origin; these include genes involved in the
regulation of gene expression, mRNA stability and
splicing. Likewise, many proteins of the mitochondrial
membrane and transport complexes seem to have been
recruited from the nuclear genome for mitochondrial
functions at some time after the ancestral endosymbiont
established itself in the eukaryotic cell. In addition, many
species-specific protein subunits have been added to pro-
tein complexes formed around a set of ubiquitous proteins
that descended from the endosymbiont. Striking examples
of these latter proteins are found in the yeast mitochon-
drial ribosome. Thus, ca. 60% of the ribosomal proteins
have recognizable bacterial homologues, some of which
form a close relationship with a-proteobacteria. Our
interpretation is that all or most of the remaining
ribosomal proteins (40%) with no bacterial homologues
were recruited subsequent to the appearance of the
symbiont/mitochondrion. Indeed, the yeast mitochondrial
ribosome contains roughly 10 more proteins than the bac-
terial ribosome, so additional proteins were presumably
added after the integration of the endosymbiont into the
host cell. Perhaps this was to compensate for the loss of
nucleotides in the small and large rRNAs encoded
by the mitochondrial genomes (T. Obrien, personal
communication).

A mixed evolutionary origin is observed also for many
other protein complexes in the mitochondrion. For
example, the cytochrome bc1 complex consists of 10 pro-
teins, of which the three core proteins (cytochrome b,
cytochrome c and the Rieske iron–sulphur protein) are
clearly a-proteobacterial descendants in phylogenetic
reconstructions. However, the remaining seven proteins in
this complex have no bacterial homologues. Indeed, some
of the ‘extra’ proteins seem to have been acquired quite
recently. For example, of the seven additional proteins in
the cytochrome bc1 complex, three are virtually unique to

Phil. Trans. R. Soc. Lond. B (2003)

S. cerevisiae; only one is found among other fungi
(Karlberg et al. 2000). Likewise, of the 400 mitochondrial
proteins as many as 64 were not identified in any other
eukaryotes, and among the 125 with external homologues,
many are found only among fungi.

Indeed, the eukaryotic cell seems to be highly robust in
its ability to utilize existing or modified gene functions for
novel purposes. For example, the yeast nuclear genome
contains three copies of a gene coding for malate dehydro-
genase, one of which is utilized in the mitochondrion,
another in the cytosol and the third in the peroxisome
(Karlberg et al. 2000). These appear to have originated by
recent gene duplication events in the yeast genome. Again,
three aminoacyl-tRNA synthetases are encoded by similar,
multiple copies in the yeast nuclear genome. These
include the mitochondrial and cytoplasmic arginyl-tRNA
synthetases that cluster together in phylogenetic recon-
structions. There are another four instances in which a
single gene in yeast is responsible for producing ami-
noacyl-tRNA synthetases that are used in both the cytosol
and the mitochondrion.

The mechanism of the transfer of coding sequences
from mitochondrial to nuclear genomes is no mystery. For
example, it has been shown that gene migration in plants
has occurred via RNA intermediates that have been con-
verted into DNA prior to insertion into the nuclear gen-
ome (Nugent & Palmer 1991; Covello & Gray 1992;
Adams et al. 1999). The process of gene transfer has also
been studied in the laboratory using yeast as a model sys-
tem (Thorsness & Fox 1993). The rates to the nuclei were
at least 100 000 times greater than rates in the opposite
direction. Thorsness & Fox (1990) indicated that phago-
lysosomes consumed the mitochondria and released DNA
fragments from the organelle that could transform the
nuclear genome. It was demonstrated by modelling this
process that a systematic transfer of the coding sequences
from the genome of the endosymbiont or the mitochon-
dria to nuclei was inevitable for all coding sequences that
are not selected to remain in the organelle for functional
reasons (Berg & Kurland 2000).

Given that it should, in principle, be easy to displace
mitochondrial gene functions with homologous proteins
that are present in the cytosol or vice versa, it is surprising
that so few replacements seem to have taken place. Curi-
ously, many of the shared gene functions in the mitochon-
drion and the cytoplasm, such as amino acylation, are
even today carried out by genes of different origins even
though two or more gene copies have coexisted in the
nuclear genome for hundreds of million of years (Karlberg
et al. 2000).

Thus, if the ancestral endosymbiont contained one or a
few thousand genes, the conclusion is that a majority was
lost and that only a small fraction, at most a few hundred
genes, were transferred and selectively maintained in the
nuclear genome of the host. Another few hundred genes
seem to have been recruited for mitochondrial functions
by modification of existing nuclear functions or evolved
de novo inside the nuclear genome. Thus, the host cell in
effect took complete control over the endosymbiont.

6. PROTEIN IMPORT AND PHYLOGENY

Nucleus-encoded mitochondrial proteins are translated
in the cytosol and subsequently imported into the mito-
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chondrion. The machinery required for the import of the
mitochondrial proteins synthesized in the cytosol is com-
plicated and not yet fully understood (Baker & Schatz
1991; Schatz 1996; Schatz & Dobberstein 1996; Neupert
1997). However, several protein complexes involved in
this process have been identified. The TOM protein com-
plex transfers the proteins across the outer membrane, the
TIM23 protein complex imports them into the matrix, the
TIM22 complex integrates proteins destined for the inner
membrane and the two complexes TIM9/10 and TIM8/13
guide the precursor proteins from TOM to TIM22
(Koehler 2000). None of these complexes have recogniz-
able bacterial homologues, indicating that they originated
subsequent to the integration of the endosymbiont into
the eukaryotic cell (Karlberg et al. 2000).

Another subset of nuclearly encoded mitochondrial pro-
teins is translated on polysomes that are directly attached
to the mitochondrial membrane and co-translationally
imported into the mitochondrion. Despite extensive
research, it is still an open question why some mitochon-
drial proteins are translated on polysomes that are
attached to the mitochondrion whereas others are trans-
lated on polysomes that are free in the cytosol. To resolve
these issues, the identity of genes translated on the two
types of polysomes were analysed using yeast as the model
system (Marc et al. 2002). To this end, cytosolic poly-
somes were separated from polysomes attached to mito-
chondria and mRNA was isolated from the two different
fractions. Hybridization experiments employing micro-
arrays with genes coding for mitochondrial proteins were
used to score each gene according to whether it was solely
translated on cytosolic polysomes (score = 1) or whether
its product was exclusively found on polysomes attached
to mitochondrion (score = 0). These scores were then used
to search for a correlation between the different modes of
translation/import and the physical parameters associated
with each of the experimental yeast mitochondrial proteins.

The only correlation found was that between the
microarray scores and the predicted origin of the yeast
mitochondrial genes. Thus, a general trend was observed
in which genes classified as eukaryotic (Karlberg et al.
2000) were primarily translated on polysomes free in the
cytosol (Marc et al. 2002), while those classified as bac-
terial (Karlberg et al. 2000) were mainly translated on
polysomes attached to the mitochondrion (Marc et al.
2002). Given this remarkable correlation, it is tempting to
speculate that genes originally transferred to the nuclear
genome initially utilized a bacterial co-translational
secretion system for import from the cytosol into the mito-
chondrion. Later on alternative mitochondrial import sys-
tem such as the TIM/TOM system evolved from nuclear
genes of the host cell. After this novelty was introduced,
only an appropriate addressing signal was required to
direct a protein from the cytosol to the mitochondrion.

Once such a system had been invented it became poss-
ible to decorate the mitochondrial core complexes with a
variety of new proteins. Some of these new proteins were
modifications of gene products already present in the cyto-
sol while others may have evolved de novo. With the devel-
opment of such a general import system, the foundation
was laid for a continual addition of components and
further fine tuning of the functional interaction between
the mitochondrion and its host.

Phil. Trans. R. Soc. Lond. B (2003)

7. THE ATP/ADP TRANSPORTERS

A fascinating import/export system is used by the mito-
chondrion to mediate the exchange of ATP for ADP
across the organelle’s membrane. There is now convincing
evidence that these transporters originated by duplication
and divergence from a more general type of eukaryotic
phosphate transporters (Kuan & Saier 1993; Walker &
Runswick 1993). They have since evolved vertically in the
conventional mode. The recent identification of mito-
chondrial-type ADP/ATP transporters in the hydro-
genosomes of the anaerobic fungus Neocallimastix sp.,
confirm that these organelles are secondarily derived from
aerobic mitochondria (Van der Giezen et al. 2002;
Voncken et al. 2002). Accordingly, these genes provide an
example of how novel mitochondrial functions may have
been recruited from pre-existing sequences in the nuclear
genome. That mitochondrial ATP/ADP transporters were
not acquired from the endosymbiont was to be expected
since free-living bacteria are in fact not capable of trans-
porting ATP and ADP across their membranes.

Nevertheless, phylogenetically unrelated ATP/ADP
translocases have been identified in obligate intracellular
parasites, such as Rickettsia (Winkler 1976; Williamson et
al. 1989; Andersson 1998; Andersson et al. 1998) as well
as Chlamydia (Hatch et al. 1982; Stephens et al. 1998;
Kalman et al. 1999). Similar ATP/ADP transport systems
have also been identified in the inner membrane of plas-
tids (Heldt 1996; Pozueta-Romero et al. 1991; Neuhaus
et al. 1993; Schunemann et al. 1993; Kampfenkel et al.
1995; Möhlmann et al. 1998) and more recently in the
eukaryotic parasite Encephalitozoon cuniculi (Katinka et al.
2001). Both the bacterial and plastid ATP/ADP trans-
locases seem to import ATP from the host cell cytoplasm
in exchange for ADP, i.e. they seem to function normally
with a polarity that is opposite that of the mitochondrial
translocases, which are ATP exporters.

The reflexive explanation for the presence of related
proteins in phylogenetically unrelated organisms is gene
transfer. Indeed, it has been suggested that the presence
of ATP/ADP transporters in Rickettsia, Chlamydia and
plastids was associated with two horizontal gene transfer
events (Wolf et al. 1999). What is unusual here is that the
phylogeny of the species involved is not significantly
deeper than the phylogeny of the transferred gene. Thus,
the divergences of the plastid/parasite type of transporters
present in unrelated species appear to be as deep as the
divergences of the mitochondrial ATP/ADP transporters
that branch in a species-specific manner (Amiri et al.
2002). This indicates that both types of transporters orig-
inated at an early stage of evolution, possibly shortly after
the acquisition of the pre-mitochondrion. However, it
cannot be excluded that the rate of sequence evolution for
parasite/plastid transporters was extremely high at an early
stage of their evolution.

While it is easy to understand that there was a require-
ment for a transporter protein shuffling ATP into the cyto-
plasm, the evolutionary pressure that triggered the
development of the second ATP/ADP transporter is less
clear. It is conceivable that the gene encoding the
plastid/parasite type of ATP/ADP transporter also orig-
inated in the early mitochondriate cell to support the
pumping of ATP from the host into the ancestral endo-
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symbiont. Thus, the ancestral endosymbiont may have
had a parasitic mode in which it functioned like Rickettsia
as an energy parasite.

8. MITOCHONDRIA AND MULTICELLULARITY

It can be assumed that the early mitochondriate cell was
capable of both fermentation (possibly mediated only by
enzymes encoded by the host genome) and aerobic respir-
ation (possibly mediated only by enzymes encoded by the
endosymbiont genome). These two processes may initially
have been separated by the membrane structures of the
interacting cells. As long as the bioenergetic systems of the
host and the endosymbiont were structurally separated,
they would have competed internally for the uptake of
substrate. So, under which conditions would the fermen-
tation system of the host have been favoured over the oxi-
dative phosphorylation system of the endosymbiont?

The concentration of oxygen is an obvious factor that
would have favoured the aerobic respiration system of the
endosymbiont. Pfeiffer et al. (2001) have also pointed out
that under conditions of low rates of resource influx, aero-
bic respiration should have been the preferred pathway for
the early mitochondriate cell. Indeed, respiration is the
preferred pathway in yeast when glucose is limiting (Pronk
et al. 1996). Under these conditions, carbon is shunted to
the mitochondrial tricarboxylic cycle, thereby increasing
electron transport and respiration (Pronk et al. 1996) as
well as lifespan (Lin et al. 2002).

However, under conditions of high substrate concen-
trations glucose would be consumed at a higher rate by
the fermentation system of the early mitochondriate cell,
making it competitive with other fermenting cells (Pfeiffer
et al. 2001). If such conditions were to exist for prolonged
periods in anaerobic environments, aerobic respiration
would simply disappear due to mutational attrition.
Indeed, we know that there are anaerobes in which the
aerobic respiration system of the mitochondrion has been
lost or converted into other metabolic systems that are
more suitable for anaerobic conditions.

Simulations have shown that a cell population using a
pathway with low yield but high rate will invade and
gradually replace a cell population using a pathway with
high yield and low rate (Pfeiffer et al. 2001). Thus, if cells
are in direct competition for a shared resource, evolution
may work to select the less efficient pathway (Pfeiffer et
al. 2001).

By contrast, at low cell diffusion rates, respirers because
of their greater efficiencies would outcompete fermentors.
Thus, it would be preferable to avoid direct competition
by controlling the influx of substrate to the different part-
ners. However, this requires a spatially structured environ-
ment in which the diffusion rates of the resource can be
controlled. Accordingly, it has been suggested that multi-
cellularity evolved as a strategy to facilitate an efficient and
collaborative use of the available substrate by aerobic res-
piration (Pfeiffer et al. 2001).

A prerequisite for such a cooperative strategy is that
ATP can be shared between the endosymbiont and its
host. Hence, there must have been a strong selection for
the evolution of ATP/ADP transport systems so as to
obtain high yields of ATP per mole of glucose consumed.
The presumed advantage of high ATP yields would also
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explain the presence of undifferentiated multicellular
organisms. Thus, most other evolutionary theories that
explain multicellularity by associating it with cell differen-
tiation and specialization (Pfeiffer et al. 2001). The theory
of Pfeiffer seems to us to provide a more basic account of
the origins of multicellularity, a simple form of which is
even observed among some bacteria. Thus, the acquisition
of mitochondria may not only have formed the basis for
the eukaryotic cell as we know it today, but also stimulated
interactions among cells to form multicellular organisms.

9. CONCLUSIONS

Contemporary aerobic mitochondria represent a mono-
phyletic clade for which all the available evidence ident-
ifies the a-proteobacteria as the sole ancestors. Anaerobic
mitochondria, however, appear to have originated second-
arily by modifications of previous mitochondrial gene
functions. A growing body of evidence indicates that
known amitochondriate eukaryotes may once have had a
mitochondrion. If so, the origin of mitochondria rep-
resents the most successful of all symbiotic relationships
described to date. The question is why?

A key notion is that aerobic respiration in eukaryotes
evolved simultaneously with or following the rise of oxy-
gen in the atmosphere. Accordingly, it is tempting to
speculate that this symbiotic relationship enabled the
anaerobic or ‘weakly’ aerobic eukaryotes to survive con-
ditions under which they would otherwise have gone
extinct. The subsequent evolution of ATP/ADP trans-
porter systems by modification of transporters already
present in the host made it possible for the mitochondriate
cell to fully exploit the benefits of the high ATP yields
obtained by aerobic respiration (Andersson & Kurland
1999). The evolution of ATP-transport systems (Karlberg
et al. 2000) may even have been critical for the transition
from single cells to early, undifferentiated forms of multi-
cellular eukaryotes (Pfeiffer et al. 2001).

During the millions of years that have passed since this
symbiotic relationship was first established, almost all of
the original gene complement has been lost from the
endosymbiont/mitochondrial genome. A few hundred
genes were transferred into the nuclear genome and
another few hundred novel eukaryotic sequences were
eventually recruited from the nuclear genome for service
in the organelle. Among the latter, we find those coding
for novel mitochondrial import systems that enabled pro-
teins freely available in the cytosol to be retargeted to the
mitochondrion. It is clear that even in recent times, gene
transfers and protein re-targeting from one compartment
to another has taken place in the eukaryotic cell. Under-
standing the fate of the endosymbiont genes that were
transferred to the nucleus of the anerobic partner is
important if we are to understand the evolutionary dynam-
ics that have shaped the evolution of the eukaryotic cell.
However, the outstanding unanswered question is the
identity of the cell that served as the host for the endosym-
biont that eventually evolved into the mitochondrion.
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Discussion
F. R. Whatley (Department of Plant Sciences, University

of Oxford, Oxford, UK). I was almost expecting you to try
to charm us into believing that Rickettsia was an
organelle, almost.

S. G. E. Andersson. Well I would not call them an
organelle. It is clear that they cannot live by themselves,
but they seem to have all the genes that would be required
for free-living growth, so it may be that it is just a regulat-
ory phenomenon. Perhaps, the bacterium needs some type
of regulatory stimulus from its eukaryotic host to start
growing. In humans, Rickettsia prowazekii is a parasite that
confers no benefits to its host, also distinguishing it from
an organelle. Buchnera is a symbiont and thereby more like
an organelle, contributing amino acids to its host. This
organism has also lost a lot of genes, essential genes, and
even if it were to get the appropriate stimulus for growth
it probably would not be able to grow in any case. How-
ever, in contrast to Rickettsia prowazekii and organelles,
Buchnera grows in specialized cells and not freely in the
cytoplasm.

M. van der Giezen (School of Biological Sciences, Royal
Holloway, University of London, Egham, Surrey, UK ). The
AACs you showed, the parasitic AACs from Rickettsia
and the normal mitochondrial AACs that excrete ATP—
I thought that they were structurally unrelated. I mean,
they do the same thing but they do it in the other direction.

S. G. E. Andersson. Yes, in the mitochondria ADP–
ATP translocases are used for exporting ATP from the
mitochondria into the cytoplasm, whereas the parasitic
ATP–ADP translocases are used for taking ATP from the
cytoplasm into the bacterium.

M. van der Giezen. Because you put the trees on top
of each other to correlate them? But I thought they were
both completely independent proteins.

S. G. E. Andersson. Yes, they are completely inde-
pendent proteins and there is no similarity among them.
The trees were not derived from the same alignment, but
were independent alignments and independent trees. We
only put them on top of each other to compare the phylo-
genetic depth by calibrating the rate of sequence evolution
with the help of plant species present in both trees. Here,
we found that the depths were approximately similar,
which contradicts the idea of horizontal transfers among
the parasitic and plastid lineages, even though they are
only present in these particular lineages.

F. R. Whatley. To ask the question again, essentially
the difference between Rickettsia and the organelles is
which way they exchange ATP?

S. G. E. Andersson. Yes, you could say that.
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F. R. Whatley. But they are by different detailed mech-
anisms, different proteins rather?

S. G. E. Andersson. Yes, completely different proteins.
The above is an edited transcript of the discussion at the

meeting. The following are invited, written questions and
answers addressed specifically to Professor Andersson’s manu-
script.

W. Martin (Institute of Botany III, Heinrich-Heine Univ-
ersität, Düsseldorf, Düsseldorf, Germany). In your listing of
three current scenarios for the origin of hydrogenosomes,
you credited me as having suggested that ‘they may be the
descendants of a bacterial ancestor that was acquired prior
to, simultaneously with, or subsequent to the acquisition
of the mitochondrial ancestor’, but to be absolutely sure
I never suggested anything of the sort; rather I suggested
that they descend from the same endosymbiont as gave
rise to mitochondria.

S. G. E. Andersson. Sorry, I remember now that you
were more specific about the origin of hydrogenosomes
and that you have in fact suggested that both organelles
descend from one and the same endosymbiont that was
later transformed into mitochondria in some lineages. We
agree that mitochondria and hydrogenosomes probably
descend from the same ancestral endosymbiont, but we
disagree about the putative selective pressure that trig-
gered the integration of this endosymbiont. Whereas you
speculate that it was anaerobic, hydrogenosomal-like gene
functions, I speculate that it was aerobic, mitochondrial-
like gene functions.

A. G. M. Tielens (Faculty of Biology, Utrecht University,
Utrecht, The Netherlands). I am pleased that our earlier
proposals (Tielens & Van Hellemond 1998) that anaer-
obic mitochondria originate from classical aerobic mito-
chondria, and that this happened by adaptation to
anaerobic functioning, are included in your discussion of
the evolutionary origin of mitochondria. I am also pleased
that your phylogenetic analysis of fumarate reductases is
indeed in full agreement with earlier ones, and that you
agree with the suggestion that eukaryotic fumarate
reductases are more closely related to succinate dehydro-
genases of aerobic eukaryotes than to fumarate reductases
from prokaryotes (Kita et al. 2002; Tielens & Van Helle-
mond 1998; Van Hellemond et al. 1995; Van Helle-
mond & Tielens 1994). I can add that we have just written
a new review on the origin of non-classical mitochondria,
and in this review we of course again paid attention to this
relationship between fumarate reductases and succinate
dehydrogenases (Tielens et al. 2002).

On the other hand, I do not agree with your conclusion
that—similar to anaerobic mitochondria—hydrogeno-
somes are also derived from aerobic mitochondria and
thus represent secondary adaptations to anaerobic
environments, after a prior development into an aerobic
organelle. It is clear that although there are many differ-
ences between hydrogenosomes and mitochondria, they
are related organelles with a common ancestor. However,
apart from the fact that it is now also becoming clear that
different types of hydrogenosomes exist, I wondered what
evidence or indications you have that, for instance, the
hydrogenosomes of trichomonads are secondary adap-
tations of mitochondria after the ancestral type had
adapted into the aerobic direction?

Phil. Trans. R. Soc. Lond. B (2003)

S. G. E. Andersson. We seem to agree that mitochon-
dria and hydrogenosomes are related organelles with a
common ancestor. The question is, what did this ancestor
look like? We know that most of the gene functions unique
to mitochondria are present in the a-proteobacteria, and
phylogenetic reconstructions based on these enzymes con-
firm that they are related. My interpretation of this strong
relationship is that these gene functions were already
present in the invading endosymbiont. By contrast, phylo-
genetic reconstructions inferred from enzymes that are
unique to hydrogenosomes, such as the hydrogenase,
reveal no specific relationship with the a-proteobacteria,
indicating that they may not have been present in the
ancestral endosymbiont. Therefore, my interpretation is
that the hydrogenosome-specific functions were acquired
at a later stage of evolution, possibly when the organism
adapted to an anaerobic environment.

W. Martin. Martin and Müller observed on the basis of
data then available that eukaryotes possess a eubacterial,
rather than an archaebacterial, glycolytic pathway, and
they predicted subsequent sequence data to uphold that
view (Martin & Müller 1998). Being reasonably familiar
with glycolytic enzymes, I find it fair to state that said pre-
diction has been quite firmly borne out by genome data.
Can you comment on the patterns of sequence similarity
observed for archaebacterial glycolytic enzymes relative to
their eukaryotic and eubacterial counterparts, and contrast
those sequence similarities with the corresponding obser-
vations for rRNA? In your phylogenies for glycolytic
enzymes do you see any evidence for horizontal gene
transfer, or are those phylogenies identical to each other
and to the phylogenies for rRNA from the same species?

S. G. E. Andersson. With a few exceptions, Archaea do
not contain the type of glycolytic enzymes found in bac-
teria and eukaryotes. One explanation is that these genes
were present in the common ancestor of bacteria, Archaea
and eukaryotes but were lost from the lineage leading to
Archaea and replaced by other pathways. The alternative
explanation is that the last common ancestor relied on a
yet undiscovered pathway for production of ATP and that
glycolysis was invented in the bacterial lineage subsequent
to its divergence from the Archaea and eukaryotes. To
explain the presence of glycolysis in eukaryotes one must
then postulate that they were transferred from bacteria to
eukaryotes via a mitochondrial intermediate, as suggested,
for example, in the hydrogen hypothesis. However, phylo-
genetic reconstructions do not reveal any specific affili-
ation with the a-proteobacteria, as expected from the
hypothesis. The first explanation, i.e. that glycolysis was
present already in the last universal common ancestor,
seems therefore more likely. Because many glycolytic
genes are absent from the Archaea, it is not always poss-
ible to make phylogenetic reconstructions based on these
genes that are directly comparable to that of the universal
rRNA tree. We do observe anomalies in some trees, but
these cannot a priori be taken as evidence for horizontal
gene transfers. It is possible that gene paralogy, differences
in functional constraints and atypical rates and patterns of
sequence evolution may distort the phylogenetic signal in
some parts of the trees. However, surprisingly many genes
yield phylogenies that are consistent with each other and
with the corresponding parts of the rRNA tree.
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J. F. Allen (Plant Biochemistry, Lund University, Lund,
Sweden) and J. A. Raven (Department of Biological Sciences,
University of Dundee, Dundee, UK ). The complete genome
sequence of Rickettsia prowazekii1 (Andersson et al. 1998)
tells us that this obligate intracellular parasite has lost
many genes during its evolution from a free-living ances-
tor. Many of the remaining genes code for proteins
involved in energy transduction. R. prowazekii and mito-
chondria share both this emphasis on energy transduction
and details of the mechanisms it involves. In the case of
mitochondria, many of these genes have been transferred
to the cell nucleus. The deduced amino acid sequences of
18S rRNA and of NADH dehydrogenase I show that R.
prowazekii and the putative mitochondrial ancestor are
members of the a-proteobacteria (Andersson 1998; And-
ersson et al. 1998; Gray 1998), but these data do not fur-
nish evidence on whether reduction of the two genomes
occurred independently or as successive stages in a single
evolutionary sequence. The latter possibility has been
developed (Andersson 1998), with the conclusion that the
reduction in gene content of the genomes reflects a very
close phylogenetic relationship. R. prowazekii might then
be expected to contain a subset of its ancestor’s genes,
while the mitochondrion contains a subset of that subset.

We wish to draw attention to a plausible alternative
explanation, which is that the genomes of Rickettsia and
mitochondria have been reduced independently but by the
same selective forces, giving merely a genomic version of
classical convergent evolution. Their resemblance then no
more argues their kinship than the cephalopod eye makes
the squid a vertebrate. Since it is beyond the bounds of
coincidence (Gray 1998) for the same core of genes for
oxidative phosphorylation and ancillary processes to be
retained by random loss, there must be reasons why some
genes have been lost and others retained. We have made
a testable suggestion (Allen & Raven 1996), which is that
decreased mutation frequency in a specialized and stable
information-storage compartment (the cell nucleus) is a
clear advantage for most genes, the exceptions being those
with an overriding requirement for direct redox regulatory
control. Thus mitochondrial, plastidic, and now intra-
cellular parasitic genomes may consist of genes that can-
not effectively be regulated unless they stay close to their
gene products (Allen 1993). Do you have any comments
on these suggestions?

S. G. E. Andersson. While it is true that the mitochon-
drial genomes contain a subset of the R. prowazekii subset
of genes, we have never suggested that the mitochondrial
genomes have originated from a genome that was identical
in size to the modern R. prowazekii genome. On the con-
trary, we have in numerous publications emphasized that
gene loss and genome degradation are still ongoing pro-
cesses in Rickettsia. For example, we have estimated that
R. prowazekii has lost several hundred genes only since its
divergence from R. conorii some 30–50 million years ago.
There is no doubt that Rickettsia and mitochondria share
a common ancestor, as inferred from phylogenetic studies.
If the rate of gene loss in the distant past was comparable
with or larger than that we see today in Rickettsia, the gen-
ome of this common ancestor that lived some 1500
million years ago must have been much larger than the
modern R. prowazekii genome. But we do not know how
much larger.

Phil. Trans. R. Soc. Lond. B (2003)

Yes, I agree that all evidence points to decreased substi-
tution rates for genes located in the cell nucleus compared
to genes located in the mitochondrial genome (at least for
animal mitochondrial genomes). However, there is no evi-
dence that rickettsial genes have been transferred into the
nuclear genome of the host with the corresponding gene
products being imported back into Rickettsia upon infec-
tion. Since Rickettsia is not permanently maintained in any
one host, but alternates between vectors and hosts, suc-
cessful gene transfers may not be as simple as for mito-
chondrial genes. Concerning your question about
regulation, we know that some genes, such as those coding
for citrate synthase and ATP–ADP translocases, are regu-
lated in Rickettsia according to the levels of ATP in the
host’s cytoplasm. Whether this and other regulatory cir-
cuits would work as efficiently if the genes had been down-
loaded to the nuclear genomes, I do not know.

W. Martin. You mentioned Mereschkowsky in the con-
text of nineteenth-century ideas on the endosymbiotic ori-
gin of mitochondria, but Mereschkowsky (Martin &
Kowallik 1999; Mereschkowsky 1905) suggested that only
plastids and the nucleus were bacterial endosymbionts,
not mitochondria. Altmann (Altmann 1890) is often cred-
ited with suggesting an endosymbiotic origin of mitochon-
dria in ‘Die Elementarorganismen’, but as far as I am
familiar with his paper he never really suggested that;
rather he just argued that there may be a basic organiza-
tional unit of living things below the level of the cell (the
Bioblasten), no word of endosymbiosis.

S. G. E. Andersson. Yes, of course you are absolutely
right. Thanks for reminding me.
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GLOSSARY

AAC: ADP–ATP carrier protein
FRD: fumurate reductase
ME: minimum evolution
NiR: nitrate reductase
PDH: pyruvate dehydrogenase
PFO: pyruvate : ferredoxin oxodireductase
SDH: succinate dehydrogenase
TIM: translocase of inner membrane
TOM: translocase of outer membrane
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